Background and purpose: Digital subtraction angiography is the current gold standard for diagnosing as well as the followup of cerebral arteriovenous malformations. However, as it is invasive, relatively expensive and time-consuming, a noninvasive alternative is of interest. We aimed to evaluate the feasibility of time resolved computed tomography angiography (TR-CTA) in a series of five diagnosed cranial arteriovenous malformation patients, demonstrated by conventional digital subtraction angiography with respect to acquisition, depiction of angiographic phases and radiation exposure. Materials and methods: Five patients demonstrating a cranial arteriovenous malformation on digital subtraction angiography were studied with TR-CTA. The TR-CTA imaging was done by using a 128-detector computed tomography scanner. Digital subtraction angiography and TR-CTA studies were independently read by two blinded observers, by using a standardised scoring sheet. TR-CTA results were analysed with digital subtraction angiography as the criterion standard. Results: TR-CTA generated comparable angiographic phases. In all five cases, there was complete agreement between digital subtraction angiography and TR-CTA regarding the size, arterial feeders, nidal morphology and venous drainage of the arteriovenous malformation. Conclusions: TR-CTA imaging as a technique is feasible, providing images with good temporal and spatial resolution at an acceptable radiation dose. It appears to be a promising non-invasive adjunct to digital subtraction angiography.
Introduction
Arteriovenous malformation (AVM) is the most common clinically symptomatic cerebrovascular malformation. 1 Digital subtraction angiography (DSA) is the current gold standard for diagnosis and follow-up of cerebral AVMs. 2 Because of its high temporal and spatial resolution, DSA allows accurate analysis of nidus, angioarchitecture, with separation of feeding arteries and draining veins. However, this examination is invasive, requires significant radiation, iodinated contrast material injection and is associated with a risk of major complications ( 1.3%) and death (<0.1%). 3, 4 Computed tomography angiography (CTA) has limited utilisation because it provides simultaneous visualisation of arterial and venous anatomy with the nidus. 3 With technical advancement time resolved computed tomography angiography (TR-CTA) is emerging as an alternative. [4] [5] [6] Aside from generating cross-sectional images, these datasets enable the visualisation of blood flow dynamics of cranial vessels with the first pass of an intravenous contrast bolus.
Materials and methods

Patient selection and data collection
Approval for this study was obtained from our institutional research ethics board and a written informed consent was obtained in all patients. The study spanned 4 months and included all patients who were diagnosed with new AVM or residual AVM (who were on followup) on DSA.
Image acquisition
Computed tomography (CT) images were obtained on a 128-section multi-detector CT scanner (Definition flash; Siemens, Erlangen, Germany). Scanning order was topogram, non-contrast CT head followed by whole-brain TR-CTA. Volumetric CT data were acquired by means of a shuttle mode scanning, 7 consisting of continuous helical acquisition with the table moving smoothly to and fro to cover the desired scan range (Table 1) . With 8 seconds delay after the start of contrast injection, 20 consecutive spiral scans of the brain in multiphasic mode at 1.5 seconds temporal resolution (100 mm in z-axis) were obtained. The first 15 scans were continuous; however, the last five scans had a time gap to make scan cycles 5 seconds each. The parameters of the study were 80 kV, 200 mAs, rotation time 0.3 seconds (using maximum pitch of 0.5) and collimation of 128 Â 0.6 mm. Total scan time was 55 seconds.
A 50-mL bolus of contrast (Omnipaque, Amersham Health Inc., Princeton, NJ, USA) was used at a flow rate of 5 mL/s followed by a 20-mL saline chaser at 5 mL/second.
The images were reconstructed with the following parameters-slice thickness of 0.6 mm with an increment of 0.6 mm,kernel-H20f smooth kernel, window settingcerebrum (window width 80 window centre 35) and a field of view of 200 mm. By post processing, twenty imaging subsets were generated with a total of 2800 images for analysis.
Digital subtraction angiography
Diagnostic intra-arterial DSA was performed on a biplane system (Allura Xper FB 20/10; Philips Medical Systems) with a matrix of 1024 Â 1024, by an experienced neuroradiologist using the Seldinger technique and femoral artery percutaneous catheterisation. A 5F diagnostic catheter was used to inject the internal carotid and vertebral arteries on either side. When indicated, selective injections of the external carotid branches were performed.
Post-processing and image analysis
After acquisition of TR-CTA data, image postprocessing was performed on a three-dimensional (3D) workstation (Siemens Medical Solutions), with standard special software syngo Neuro DSA provided with the system, which uses non-enhanced CT scan automatically to remove bone from cerebral CTA data. The algorithm is completely automated and it improves visualisation of vascular structures in the area including the skull base to identify the lesion easily. The software contains all required digital image visualisation tools (multiplanar reconstruction thin/thick, maximum intensity projection (MIP) thin/ thick, volume rendering (VR) and inverted MIP thin/thick) processing tools (bone removal, table removal), measurement tools (distance measurement, region of interest measurement) and integrated reporting tools. Using these, full-volume MIP reconstructions over a 360 rotated range and 3D VR images were generated and evaluated on the same workstation, for full or selective subvolume assessment of the 3D datasets as required.
Results
A total of five patients were included in the study. The calculated radiation dose on TR-CTA in these patients was 4.52, 4.55, 4.57, 4.55 and 4.51 (the maximum being 4.57 mSv [1989 (dose length product) Â 0.0023 (conversion factor)]). Comparative results of DSA and TR-CTA studies of the five cases with scored items are shown in Table 2 . In our study TR-CTA was able to detect all lesions, localise them, identify arterial feeders, associated aneurysms, nidus characteristics, venous drainage pattern, venous ectasia and stenosis. Only in one case was dilatation of the arterial feeder missed. A few selected images depicting comparative angiographic phases and angioarchitecture of AVM are shown in Figures 1 and 2 .
Discussion
This article describes our early experience with TR-CTA on a 128-slice CT scanner in patients with a cranial AVM; 128-slice CT machines have become widely available worldwide and this is the first report describing this experience in AVMs. A few earlier studies have described the technique at 320 detector row CT. The first step of the study was acquisition of data. Acquisition by continuous volume is the best method, but for whole brain coverage, a wide detector, such as 320 slice, is required. 7 The toggling table technique or shuttle mode scanning enables extended coverage using a 128-slice machine. Our 128-section multi-detector CT scanner offered a four-dimensional (4D) range of 70 mm coverage with temporal resolution 1.0 seconds, 84 mm coverage with temporal resolution 1.25 seconds and 100 mm coverage with temporal resolution 1.5 seconds. Of these, the 100 mm coverage range was used in these cases to enable greater coverage of the anatomical area. However, for better temporal resolution an alternative 1.0 second protocol could be used in children or follow-up patients (with previously angiographic depicted lesion).
With standardised protocols, the learning curve of routine technical staff was very short. We are of the opinion that acquisition will not be a problem in its application once the protocols are standardised.
Radiation is a major concern in AVM patients especially because they require multiple follow-up evaluations. The radiation dose documented for TR-CTA in previous studies by the group of Willems and colleagues ranged from 5.08 to 5.87 mSv. 8 The radiation dose in DSA is highly variable between 2 and 4.5 mSv, 9 depending on the fluoroscopy time per vessel, the number of vessels and projections obtained, fluoroscopic equipment and parameters used to name a few. In our study the maximum radiation dose was 4.57 mSv, which is less than the previously documented studies, mainly due to two reasons. First, is the fewer number of acquisitions, 20 as compared to 22. We tailored our protocol in two subsets as described, by introducing a time gap in venous phase acquisitions. This did not significantly affect information generated as the first 15 sets covered arterial, nidal, parenchymal and early venous phases providing the bulk of information and the latter late venous phase sets provided sufficient data for perfusion map generation. The second reason for reduced dose is a shorter coverage length of 10 cm as compared to 16 cm (at 320-slice CT in a comparable study), which is due to technical restrictions of 128-slice CT.
Routine 3D CTA and magnetic resonance angiography also generates VR or MIP reconstructions viewable from any angle, but lacks dynamic information. On the other hand, two-dimensional DSA generates dynamic information but viewing angles are limited with a penalty of time, radiation and contrast with each extra view. TR-CTA provides dynamic 3D data viewable from any angle without these penalties. TR-CTA was able to generate various angiographic phases as early arterial, late arterial, parenchymal, early and delayed venous phases (Figure 1 ) with nearly equivalent diagnostic information as depicted by DSA. There was complete agreement in the depiction of arterial feeders, nidal morphology and venous drainage of the AVM in all cases. Rather, the nidal characteristics such as aneurysmal size were better depicted ( Figure 2 ) due to 3D visualisation. Moreover, the post-processing and analysis in TR-CTA is performed by the CT operator (approximately 20-30 minutes) at a reporting console instead of acquisition in an angiographic suite. Even in cases with motion, manual subtraction may generate useful data instead of the need for re-acquisitions. We suggest thin section analysis as a problem solving approach.
Although the study was not designed to assess the accuracy of TR-CTA, the complete agreement of DSA and TR-CTA in all cases is a pointer to its good diagnostic potential, especially where the lesion is previously localised.
Last but not the least, the lack of invasiveness makes TR-CTA far more favourable to DSA when patient discomfort and procedural risks are considered.
However, certain limitations of thr technique need to be recognised. First, it compromises depiction of the haemodynamic flow pattern of AVM. This is because it opacifies the entire cranial vascular territories simultaneously unlike DSA, which allows selective vessel injection, so territorial separation of tributaries may be compromised. Second, the coverage area is limited and the penalty of increasing coverage area has to be paid with reduced temporal resolution.
We think our current protocol offers a good compromise between temporal resolution, signal-to-noise ratio, and radiation burden especially for follow-up cases of AVM.
The application of TR-CTA, however, may not necessarily be restricted to the demonstration of feeder, nidus and early venous filling. CT perfusion images can be generated from the same dataset, which may help in the assessment of surrounding haemodynamics at the parenchymal level. Newer advances in dynamic TR-CTA acquisition protocols will allow more coverage and better temporal resolution with reduced radiation burden in the near future.
Conclusions
We believe that TR-CTA, as a non-invasive imaging technique, is not only technically feasible for evaluation of cranial vasculature, with good spatial and temporal resolution at 128-slice CT machine with an acceptable radiation dose but also yields fair angiographic details. It may be especially suitable for follow-up imaging of AVMs where the lesion is previously localised.
